The relevance of protein binding to penetration of ␤-lactams into body fluids was investigated by examining the distribution of amoxicillin, ceftriaxone, clavulanic acid, temocillin, and ticarcillin into rabbit peripheral lymph after intravenous administration. The elimination half-lives in rabbit plasma varied between 0.34 h (temocillin) and 1.80 h (ceftriaxone), and the half-lives measured in lymph were similar to those in plasma (0.37 to 1.76 h). The percent penetration (area under the concentration-time curve in lymph/area under the concentration-time curve in plasma ؋100) was high for amoxicillin (97.6%), temocillin (89.4%), and clavulanic acid (90.8%) but was lower for ticarcillin (76.0%) and for ceftriaxone (67.3%). There was a direct correlation between plasma protein binding and percent penetration. Correction for plasma and tissue binding increased the percent penetration for all compounds, and figures approached 100%. The results presented demonstrate the use of this model to examine the relationships between plasma pharmacokinetics, protein binding, and distribution of antibiotics.
The extent of extravascular penetration of ␤-lactam antibacterial agents is an important contributing factor to their clinical efficacy. The physiochemical characteristics of the compound, for example, molecular weight, lipid solubility, and pK a , control their rate and extent of diffusion across membranes and throughout body tissues and fluids. Binding to serum and tissue proteins influences this penetration, in addition to influencing body clearance and the extent to which concentrations are effective at the site of infection, as it is only the free antibiotic which is available for diffusion and antibacterial activity (5, 18) .
The effects of serum binding on the distribution of antibiotics have been examined extensively (1, 3, 11, 15, 23) , but there remains some discussion as to whether binding to serum proteins below 85% is of major importance with respect to the rate and extent of penetration and body clearance (2, 6) . The contribution of tissue binding in other body tissues and fluids to the overall distribution of agents is generally less well documented, although the extent of distribution in terms of total concentrations (bound plus free) is presumed to be dependent upon both the serum and the tissue binding (5, 7, 13) .
The extravascular concentration-time profiles are influenced by other factors such as the ratio of surface area for diffusion to volume of extravascular fluid. This has been demonstrated both theoretically (17) and practically (22) . The elimination half-life in serum influences the duration of extravascular concentrations, and compounds with longer elimination half-lives achieve more sustained extravascular levels. In addition, the mode of administration will directly affect the concentrations observed.
None of these factors can, however, be considered in isolation, and in this paper, the interrelationship of protein binding with concentrations in extravascular tissues has been considered for amoxicillin, ticarcillin, temocillin, ceftriaxone, and clavulanic acid. The extent of extravascular distribution was determined by measuring concentrations in rabbit peripheral lymph. Concentrations in lymph may be regarded as representative of those in interstitial fluid, and the ratio of surface area to volume (SA/V ratio) is large as, in contrast to other distribution models such as the tissue cage and inflammatory blister models (4, 17) , there is no barrier to diffusion.
MATERIALS AND METHODS
New Zealand White male rabbits (Regal Rabbits, Great Bookham, England) weighing approximately 3 kg were used. Anesthesia was induced with N 2 O-O 2 (1:1) and 3% halothane (Fluothane; ICI, Macclesfield, England). Hair was clipped from the anterior surface of the neck, anterior chest, and right axilla.
The carotid artery and jugular vein were cannulated for blood sampling and for drug administration, respectively. Anesthesia was maintained throughout the experiment by intermittent administration of small doses of sodium pentobarbitol (Sagatal; May and Baker, Dagenham, England) into the jugular vein.
Cannulation of the right lymphatic duct. The cannulation of the right lymphatic duct was performed as described by Woodnutt et al. (24) . Briefly, the rabbit was supine with the right forelimb held to the side. One milliliter of a 10% solution of Evan's blue dye was injected into the web space of the right forepaw to render the lymphatics more visible. A skin incision (2 to 3 cm) was made, and the pectoral muscles were elevated and divided parallel to the sternum. The axillary vein was seen entering the thoracic cavity, and the right lymphatic duct appeared as a thin blue line emerging from the axillary fat pad and running alongside the axillary vein. A polyethylene cannula (0.61-mm outside diameter and 0.28-mm inside diameter; Portex) was inserted and secured in the vessel. The free end of the cannula was brought lower than the duct to promote gravitational drainage, and with occasional stroking of the limb the flow of lymph was approximately 0.3 to 0.5 ml/h. This value was within the range of values measured by other workers for the lymph flow in peripheral lymph ducts of both conscious and anesthetized rabbits (0.25 to 2.1 ml/h [10, 16] ).
Antibiotic administration. Sodium amoxicillin, potassium clavulanate, disodium ticarcillin, and disodium temocillin were provided by SmithKline Beecham Pharmaceuticals, Worthing, England. Ceftriaxone (Rocephin) was obtained as a commercial preparation. All compounds were administered to groups of three anesthetized rabbits as intravenous bolus doses designed to approximate peak concentrations in serum obtained in humans after therapeutic dosing (100 mg/kg of body weight for amoxicillin, 150 mg/kg for ticarcillin, 82 mg/kg for temocillin, 55 mg/kg for ceftriaxone, and 5 mg/kg for clavulanic acid).
Protein binding studies. The binding of amoxicillin, clavulanic acid, temocillin, ticarcillin, and ceftriaxone to the proteins in rabbit plasma and lymph was determined with pooled plasma and lymph obtained from undosed rabbits. Plasma and lymph were stabilized at pH 7.4 by gassing with CO 2 before addition of compounds.
Samples of plasma and lymph were spiked with amoxicillin, temocillin, ticarcillin, or ceftriaxone at final concentrations of 400, 80, and 10 g/ml. For clavulanic acid, final concentrations were 40, 8, and 1 g/ml.
Portions of the samples were kept for analysis of the initial concentration in plasma, and the remaining volumes of plasma or lymph were centrifuged (2,000 ϫ g for 15 min) through a Centrifree micropartition system (Amicon, Gloucestershire, England) into collection cups coated with dried citrate buffer (0.1 M Sorensons citrate, pH 6.5). Ultrafiltrates collected contained the unbound fractions of the compound under test.
The protein and albumin contents of samples of rabbit plasma and lymph were measured with commercially available kits (Sigma Chemicals, Poole United Kingdom). The concentration of total protein was 4.70 g% Ϯ 0.31 g% in plasma and 2.23 g% Ϯ 0.27 g% in lymph (mean Ϯ standard deviation; n ϭ 10). The albumin content of these samples was 3.4 g% Ϯ 0.29 g% in plasma and 1.4 g% Ϯ 0.16 g% in lymph (mean Ϯ standard deviation; n ϭ 10).
Sampling and analysis. Samples of blood were taken from the carotid arterial cannula at 5, 15, and 30 min and at 1, 1.5, 2, 2.5, 3, 3.5, 4, 4.5, 5, 5.5, and 6 h after dosing. Plasma was separated for microbiological assay of the antibiotic concentration. Samples of lymph were collected into heparinized tubes over periods of 30 min for the first 3 h of the experiment and over periods of 1 h thereafter. Preliminary studies showed that it took approximately 10 min for lymph to travel from the tip of the cannula within the vessel to the collection tube. The first lymph sampling period, therefore, was started 10 min after the bolus dose was given. The times for all subsequent collection periods were corrected accordingly. The results were expressed as the concentration in lymph at the midpoint time value.
A large-plate agar diffusion assay was used to determine concentrations of all compounds. The assay organism was Pseudomonas aeruginosa ATCC 29336 for temocillin and ticarcillin and Micrococus luteus ATCC 9341 for amoxicillin and ceftriaxone. Concentrations of clavulanic acid were determined by a microbiological diffusion enzyme inhibition assay (9) . In brief, nutrient agar (Oxoid Ltd.) containing penicillin G (60 g/ml) was inoculated with Klebsiella pneumoniae ATCC 29665 (3 ml of an 18-h nutrient broth culture per 100 ml agar). In the absence of inhibitor, the organism destroys the penicillin in the agar and a lawn of growth is observed. However, clavulanate placed in wells cut in the agar will diffuse into the agar and inhibit the ␤-lactamase activity of the organism, allowing the penicillin to inhibit growth and resulting in inhibition zones with diameters proportional to the concentration of clavulanate.
Standard solutions for the assay of plasma and lymph were prepared in rabbit plasma and 40% rabbit plasma, respectively. When required, samples were diluted in phosphate-buffered saline (PBS; pH 7.2) and assayed against standards prepared in the appropriate dilution of plasma. Standard solutions for the assay of ultrafiltrates were prepared in PBS.
Samples were assayed in duplicate against standards over the concentration range of 1 to 0.015 g/ml for amoxicillin, 5 to 0.078 g/ml for clavulanic acid, 50 to 0.78 g/ml for temocillin and ticarcillin, and 20 to 0.3125 g/ml for ceftriaxone. The lowest concentration was taken as the limit of detection for the assay. The correlation coefficients for the regression lines of the standard solutions were not less than 0.997. The within-day coefficients of variation were less than 5% for amoxicillin, ticarcillin, and temocillin; 6.1 to 9.4% for clavulanic acid; and 3.4 to 7.3% for ceftriaxone. Between-day coefficients of variation were less than 5% for ticarcillin and temocillin, 3.7 to 6.2% for amoxicillin, 6.3 to 9.8% for clavulanic acid, and 4.0 to 8.2% for ceftriaxone.
Binding parameter estimates for ceftriaxone and temocillin were obtained from simple linear regression of Scatchard plots (20) of the data according to the following equation:
, where C b is the bound concentration of antibiotic, C f is the free concentration of antibiotic, K d is the dissociation constant, and M is the maximum binding capacity. Each plot contained 15 datum points. A test of parallel lines was performed to identify statistically significant differences in the slope of the Scatchard plots (25) . The free concentrations of antibiotic were calculated with these parameters according to the following equation (21):
, where C t is the total concentration measured. Pharmacokinetic analysis of distribution data. Data were fitted with an iterative least-squares modeling program, MK-MODEL (8), and appropriate models were chosen on the basis of visual inspection and the Schwartz criterion. The areas under the concentration-time curve (AUCs) from time zero to infinity for both plasma and lymph were calculated by noncompartmental analysis using the trapezoidal rule for data up to the last concentration-time point, with the remaining area to infinity calculated by dividing this point by the elimination rate constant.
The extent of penetration into lymph was estimated by expressing the AUC from time zero to infinity in lymph as a percentage of the AUC from time zero to infinity in plasma.
Statistical analysis. Statistical comparison of data was done by the Student t test.
RESULTS
Protein binding. The binding of amoxicillin, clavulanic acid, temocillin, ticarcillin, and ceftriaxone to rabbit plasma and lymph proteins is shown in Tables 1 and 2 .
The binding of amoxicillin and clavulanic acid was low in both plasma and lymph and does not appear to be concentration dependent. Ticarcillin was bound to a significantly (P Ͻ 0.05) greater extent in rabbit plasma (53%) than in rabbit lymph (42%), and the binding was not concentration dependent. The binding of temocillin to rabbit plasma proteins was approximately 19% at concentrations of 400 g/ml, and this increased slightly with decreasing concentrations of temocillin (23 and 26% at 80 and 10 g/ml, respectively). There was also ures of 60% at ceftriaxone concentrations of 400 g/ml increasing to Ͼ90% at concentrations below 80 g/ml. In Table  2 , the results of a further study with temocillin and ceftriaxone at concentrations of 50 and 200 g/ml are shown and confirm the nonlinear binding of these two antibiotics in plasma. Nonlinear binding was also evident for temocillin and ceftriaxone in rabbit lymph, although the binding figures were significantly (P Ͻ 0.05) lower than those for rabbit plasma. The binding parameters calculated for temocillin and ceftri- Table 3 . The dissociation constants of the compounds were distinctly different and reflected the extent of binding measured. Interestingly, the dissociation constants measured were similar in lymph and in plasma, suggesting that the same protein(s) was important for binding of these compounds at both sites. The maximum binding capacities in plasma and lymph were also similar for temocillin and ceftriaxone, although values in lymph were approximately 50% of those in plasma, which reflected the protein, and albumin, contents in these fluids. The albumin concentrations in plasma and lymph equate to approximately 0.49 and 0.2 mM, respectively (based on a molecular mass of 69 kDa). The values of binding capacity (0.46 and 0.21 mM for temocillin in plasma and lymph, respectively; 0.43 and 0.20 mM for ceftriaxone in plasma and lymph, respectively) suggest that there is only one binding site for these compounds on each albumin molecule, a finding that is consistent with binding measurements performed in human plasma for ceftriaxone (12) and temocillin (14) . Distribution studies. Plasma and lymph drug concentrations after intravenous bolus administration of amoxicillin, clavulanic acid, temocillin, ticarcillin, and ceftriaxone are shown in Fig. 1 . Concentrations are shown as mean values with the standard deviation. Concentrations in lymph for all of the agents other than the more highly bound ceftriaxone reached a peak rapidly (15 min after the start of dosing) and were similar to or slightly greater than concentrations in plasma for the duration of the study. Peak lymph temocillin and ticarcillin concentrations were approximately 35% of the concentrations in plasma at 5 min after dosing, whereas the ratio of peak concentrations in lymph to 5-min concentrations in plasma of amoxicillin and clavulanic acid were higher at 52 and 55%, respectively. Concentrations of ceftriaxone in lymph reached a peak later, at approximately 1 to 1.5 h after the start of dosing, and were generally lower than concentrations in plasma at all times. Peak concentrations of ceftriaxone in lymph were approximately 39% of the corresponding 5-min concentrations in plasma, and concentrations in lymph at 15 min were considerably lower, only 22% of those in plasma at 5 min.
AUCs and half-lives in plasma and lymph and the percent penetration (AUC in lymph/AUC in plasma ϫ 100) are shown in Tables 4 and 5 . The half-life in plasma was generally similar to the half-life in lymph for all the compounds tested.
The percent penetration of amoxicillin, clavulanic acid, and temocillin into lymph was Ͼ89%. Ticarcillin penetrated to a slightly lesser degree (76.0%), and ceftriaxone showed the lowest penetration figure (67.3%). Correction of the concentrations measured in plasma and lymph for the extent of protein Table 4 . Free concentrations of temocillin and ceftriaxone were estimated with the binding parameters calculated previously to allow for concentration-dependent binding. The percent penetration of all of the compounds based on the free AUCs increased (Table 5) , and differences were significant for ceftriaxone and ticarcillin (P Ͻ 0.05). Overall, the penetration in terms of free, unbound concentrations for all antibiotics was not significantly different from 100% (P Ͼ 0.05).
DISCUSSION
The collection of peripheral lymph which does not drain tissues that have specialized absorptive or excretory functions, e.g., liver, kidney, or intestine, has been advocated by several workers as a means to measure the extravascular diffusion properties of antibiotics. Concentration-time profiles in lymph may be regarded as being a more relevant representation of the concentrations of antibiotic present in interstitial fluid surrounding extravascular sites of infection than those measured in plasma (11) . The results presented in these studies demonstrate that amoxicillin, clavulanic acid, and temocillin, which have low plasma binding in the rabbit, penetrate well into peripheral lymph while ticarcillin and particularly ceftriaxone, which demonstrate higher plasma binding in rabbits, penetrate less well. The correlation between plasma protein binding and percent penetration (Fig. 2) suggests that the penetration of antibiotics into rabbit lymph, calculated with total concentrations, is directly proportional to the plasma binding (r ϭ 0.974). However, it is of interest that a delay in appearance in lymph was seen only for ceftriaxone, the most highly bound antibiotic.
It is the unbound fraction of any compound that is available for distribution into extravascular sites, but once the compound has diffused into the tissues, it is available for binding to proteins in the tissue compartment. At equilibrium the AUCs in plasma and in the tissue compartment in terms of free compound should be equal. This is reflected in the data presented in this paper, as correction for protein binding of both the plasma and lymph AUC measurements resulted in a penetration value that was approximately 100%, i.e., free AUC in lymph ϭ free AUC in plasma, for all compounds regardless of binding.
The SA/V ratio of an extravascular space has been reported to be an important factor in determining the kinetics of antibiotics in that space (22) , and it has been demonstrated that a high SA/V ratio should result in kinetics in tissue fluids that are similar to those in the plasma. According to lymphatic physiology (17, 19) , peripheral lymph could be termed a shallow compartment of the body for which the SA/V ratio would be large. The results presented here showed a rapid equilibration between rabbit lymph and plasma in terms of concentration and elimination half-life, an observation in accordance with there being a high SA/V ratio. This is unlike the human lymph model in which the concentration profiles in lymph are more like those obtained from a compartment with a low SA/V ratio (3, 17, 19) . This anomaly has been identified by several workers (17, 19) and has been attributed to methodological difficulties in the human model in terms of dead space in the collection system and low lymph flow rates (19) which may not be as evident in the rabbit model.
In conclusion, binding to plasma proteins has been shown to influence the extent of penetration of ␤-lactam antibiotics into rabbit peripheral lymph, and there was a linear response, with the more highly bound agents penetrating to a lesser extent; however, the rate of diffusion was affected only for the more highly bound ceftriaxone. The rabbit lymph model described may therefore be regarded as a useful means to more meaningfully study, in vivo, the distribution kinetics of antibiotics in relation to penetration to sites of infection. 
